proliferating cultures of Escherichia coli. Associated with this lethal effect was the forimiation of elongated, serpentine forms. Cultures treated with nalidixic acid were osmotically stable; lethality was observed in the presence of stabilizers. Although it was possible to demiionstrate leakage of intracellular components fromii treated cells, this effect occurred only after 99%-of the cells were nonviable. Nalidixic acid had little or no effect on respiration with glucose as substrate. If cellular growth was restricted by suboptimal temperature or nutritional deficiencies, the drug was not lethal. Chemnical analysis of cellular constituents revealed that lipid, protein, and ribonucleic acid levels were of the samle order of magnitude in control and drug-treated cells. Only deoxyribonucleic acid (l)NA) levels were imiarkedlv lowered in drug-treated cells. These facts are consistent with the view that nalidixic acid interferes with the synthesis of E. coli D)NA.
Nalidixic acid (1-ethyl-1 ,4-dihydro-7-methyl-4-oxo-1 ,8-nal)hthyridine-3-carloxylic acid) is a new antibacterial agent, the synthesis of which was reported by Lesher et al. (1962) . This naphthyridine has a broad spectrum of antibacterial activity; is especially active against gramnegative species, including those associated with urinary-tract infections (Deitz, Bailey, and Froelich, 1964) ; and is very well tolerated by laboratory animals and man (Lishmnan and Swinney, 1963) . This report plresents the results of preliminary studies to deterimiine the mechanism of action of nalidixic acid.
We examined the effect of this compound on the growth, motility, respiration, integrity of the cell membrane and cell wall, an(l chemical com Growth studies. Except as noted below, experiments were carried out at 37 C with growing cultures in glucose (I "-)-salts medium (mediumiii C of Roberts et al., 1957) . E. coli 15 TAU will not grow in this medium unless supplemented with thymine. L-arginine, and uracil (Kanazir et al., 1959) , w-hich w e used at 2.0, 100.0, and 10.0 ,g/ml, respectively. Flasks were inoculated with an overnight culture in the same medium to give an oltical density (650 m,u) ,ug/ml) was added to one. Immediately-after addition of drug, and at 30-mmiin intervals thereafter, 100-iml samples were withdrawn, clhilled with ice, and centrifuged. The washed cells were fractionated by the method of Schneider (1957) , except that total lipids were extracted by the method of Kaneshiro and MIarr (1962) . Lipid, nucleic acid, and protein determinations were made on the solvent-soluble, hot trichloroacetic acid-soluble, and hot trichloroacetic acid-insoluble fractions, respectively. Lipid l)hosphorus was estimated by the Fiske and SubbaRow technique described by Leloir and Cardini (1957) . Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) were determined by lentose analysis, with the use of the diphenylamine and ociniiol methods described by Schneider (1957) . Protein was measuried by the method of Lowry et al. (1951) .
RESULTS
Growth inhibition of E. coli by nalidixic acid. As relported lpreviously (Deitz et al., 1964) levels of nalidixic acid (0.5 to 1.0 'MIC), the growth rates were markedly ieduced. At higher levels, there were drastic reductions in the viable l)opulations. Loss of viability began earlier with higher concentrations (Fig. 1 Fig. 2 .
After 3 lr of incubation in the presence of 0.3 ,ug/ml (Fig. 2B) , most of the cells were simnilar to those of the control culture ( Fig. 2A) . At 1.0 and 3.0 pg/mil, respectively, the majority of the cells were elongated many times their normal length ( Fig. 2C and 2D ). At the highest concentration used in this l)articulal study (10 ,g/ml), relatively few cells could be located per field, and these were greatly elongated (Fig. 2E ). The elongated cells, although motile, were nonviable when diluted and plated on agar. Attempts then were made to determine whether these cells were osmotically fragile.
Osmotic fragility. Plate counts of control cultures grown in the presence of osmotic stabilizers increased threefold during the 4-hr experimental period, whereas a fourfold reduction was observed in cultures exposed to nalidixic acid (25 pg/ml). However, no changes in the viable counts of these cultures were observed when they were subjected to osmotic shock.
The viability of osmotically stabilized cultures treated with penicillin G (1,000 units per ml) decreased 40-fold. However, in contrast to the nalidixic acid-treated cultures, subjection of these cultures to osmotic shock resulted in a 4,000-fold decrease in viability (Table 1) .
Microscopic examination during the course of the experiment revealed only elongated cells in the nalidixic acid-treated culture and no spheroplasts. Conversely, spheroplasts but no elongated cells were observed in the penicillin-treated culture.
Membrane damage. Cultures of E. coli 15 TAU labeled by growth in the presence of radioactive glucose were treated with nalidixic acid (100 pg/ml). After 90 min of exposure, the viable count of the control culture had increased 2.5-fold whereas the viable count of the drug-treated culture had decreased tenfold. During this same period, there were no differences in the radioactivity of cell-free filtrates from treated and untreated cultures. Not until the viable count had decreased 100-fold (120 min post-treatment) was there an increase in the rate of release of radioactivity from the treated cells. Thus, there was no apparent effect on membrane integrity during the period of rapid loss of viability (Fig. 3) .
Effect of nalidixic acid on respiration. The respiration of washed-cell suspensions of E. coli 15 TAU was only slightly affected by nalidixic acid. With glucose as substrate, concentrations as high as 7.5 mg per vessel (33 ,umoles) inhibited respiration by only 25%. At 1.5 mg per vessel (6.5 ,umoles), there was no inhibition. In contrast, the respiration of such suspensions was inhibited some 60% by iodoacetate (10 ,umoles; Table 2 ).
Conditions required for the action of nalidixic acid. The time at which cells exposed to nalidixic acid began to die coincided with the onset of vigorous growth of control cultures. This suggested that active growth is a prerequisite for drug action. To explore this possibility, the effect of nalidixic acid was examined in a nitrogen-free medium and at suboptimal growth temperatures. E. coli 198 was depleted of endogenous nitrogen pool by incubation at 37 C in the glucose-salts medium without NH4C1 until no change in turbidity was observed. At this time, NH4C1 (to 0.2%) was added to control cultures placed at 37 C. Nalidixic acid (10,g/ml) was added to two similar portions, one of which was incubated at 2 to 4 C rather than at 37 C. A fourth portion received nalidixic acid but not NH4Cl, and was incubated at 37 C. The numbers of viable cells in treated and control cultures were determined after 0, 1, 2, and 4 hr of incubation. The results showed that nongrowing cells are unaffected by nalidixic acid (Table 3) .
To extend these observations, the action of nalidixic acid on E. coli 15 TAU was examined, under various nutritional conditions. Young growing cultures were harvested, washed, and resuspended in the fully supplemented glucose-salts medium (added thymine, L-arginine, and uracil) and in modified medium with one or more of the 1114 J. BACTERIOL. (Fig. 4) . When cells were incubated in the complete medium in the presence of nalidixic acid, there was a rapid loss of viability (Fig. 4) generation time. In the thymine-deficient medium, the death of the cells was almost identical in the presence or absence of nalidixic acid; that is, nalidixic acid exerted no lethal effect beyond that imposed by thymine deficiency itself.
The lethal effect of thymine deficiency is prevented by omission of arginine or uracil, or both (Kanazir et al., 1959; Maal0e, 1961) . The development of extremely long, filamentous cells with concomitant loss of viability suggests that nalidixic acid acts in a manner similar to that induced by thymine deficiency (Cohen and Barner, 1954) , by 5-fluorouracil deoxyriboside (Cohen et al., 1958) , and, in certain cases, by vitamin B,2 deficiency (Beck, Hook, and Barnett, 1962 Exposure of bacteria to low doses of ultraviolet light or to X rays, or to such agents as nitrogen mustards or mitom-cin C, also causes the developiment of filamentous bacteria with concomitant loss of viability (Hughes, 1956; Billen, 1963; Reich, Shatken, and Tatum, 1961; Iyer and Szybalski, 1964) . These agents act on and modify the integrity and nature of DNA; consequently, thev affect both proliferating and nonproliferating cells. They are, for the most lpart, nonselectiv-e in their action, and are toxic to a wride variety of cells, including bacteria, fungi, and mammlnalian cells.
It becoml-es quite apparent that nalidixic acid is distinctly different from the above-mentioned agents that act on DNA. The fact that nalidixic acid is well tolerated by experimental laboratory animals and by mian emiphasizes the selectivity of this chemotherapeutic agent for certain bacterial cells.
The data presented here lProvide strong presuml)tive evidence that nalidixic acid exerts its primary action on the synthesis of DNA. Investigations are being continued to define the action of this drug in greater detail.
